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ABSTRACT 


CoCrAlY coated modifications of Rene 80 (a Ni base - 
superalloy) were tested for resistance to Type Two (Low 
Temperature) Hot Corrosion. The effects of Ti and Hf in 
the substrate (normally 5.0% and 0.0% respectively) and 
the presence of a Pt underlayer were investigated. 

Mer balon trends were distinguishable from the data 
obtained. Titanium alone was found to be beneficial, 
Eau 3n conjunetion with a platinum underlayer was found 
to be detrimental while platinum underlayers in conjunction 
with low titanium concentrations in the substrate were found 
20506 Denejicial. Hafnium had a noticeable but irregular 
effect only on specimens with әд јаса [vise SML me NK eH 
trations. All the above effects were found to be diffusion 
related. 

2775 study also made certain refinements to the NPS 
Hot ion teou Program and direct correlation of data 
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I. INTRODUCTION 


A. HISTORICAL 
1. Naval Experience with the Gas Turbine 

The United States Navy is currently pursuing one of 
the most ambitious shipbuilding programs since the end of 
World War II. In the last 10 years all new combatants have 
relied on either nuclear power or the gas turbine as their 
source of propulsive power. 

The Engine chosen for development and use by the 
Navy was the CF6/TF39 aircraft engine used on the C5 Transport 
aircraft. The marinized version of this engine has been 
designated the LM2500. The LM2500 is currently used in or 
Scheduled for use in 30 DD-963 Spruance Class Destroyers, 

4 DDG-993 Kidd Class Guided Missle Destroyers, 50 FFG-7 

class Guided Missile Frigates, the CG47 Tichondoroga 
Chass Guided Missle Cruisers, the DDG-51 Class Guided 

Missle Destroyer, numerous hydrofoils and Surface Effect 
Ships, and a large number of commercial industrial and marine 
applications as well. 

Dum ame fas turbine efficiency has grown 
through increased technology and design achievements but has 
been always limited by the high temperature materials used 
within the gas turbine, specifically within the high pressure 


turbine area which immediately follows the combustor assembly. 
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A simplified schematic and relative temperature and pressure 
profile of the LM2500 is shown in Figure B.1. 

The United States first use of the gas turbine was 
on the GTS CALLAGAN in 1967 when extensive testing of 
several versions of gas turbines was undertaken. In 1973 
the Navy committed itself to the LM2500 engine. The first 
tests of the LM2500 involved primarily long term high power 
runs, and in 1971 the initial DD power cycle testing was 
begun. These tests were thought to provide the most arduous 
Eng environment for initial evaluation. The lifetime 
27— critical turbine blades was found to be approximately 
25 our5s. The limiting factor was Hot Corrosion of the 
blade coating which was known to occur at temperatures over 
850°C. 

in 1973, partly in response to the oil embargo, a 
Meeorcycle which reduced the average speed to 19 knots was 
startedas a fuel conservation measure. Since at low power 
the maximum temperature of the gas turbine is less than for 
mene power, it was predicted that the lifetimes of the 
cal gas turbine blading would be extended in this 
operating environment (this follows from classical arrnenius 
kinetics considerations). Unexpectedly, the blading lifetime 
Wes significantly reduced to less than 5000 hours. This was 
the Navy's first experience with Low Temperature Hot Corrosion 
(often referred to as Tyve 2 Hot Corrosion) (Ref. 1). 


subsequent changes in the operating cycle of CALLAGAN further 
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reduced the time spent at full power from 60 to 18%, and the 
resulting turbine blade lifetimes diminished even further. 
Since these initial tests, blade lifetimes have been increased 
by improvements in intake air filtration systems to better 
remove sea salt spray. However Type 2 Hot Corrosion is 

still limiting blade life to 5000 hours, compared to 7000 
hours if Type 2 Hot Corrosion were not a factor. 

Given the need for significant amounts of time spent 
at low power operations while maintaining the capability to 
Ia Tull power as mission needs dictate, Type 2 Hot 
Corrosion will continue to be a factor in the future. 

2. Superalloys 

J the development of the gas turbine, material 
277 топ of the critical high temperature and pressure 
components has been based primarily on mechanical behavior 
criteria (creep resistance, high temperature strength, etc.), 
and use of protective coatings to provide additional resis- 
tance to the corrosive environment. 

The superalloys are a class of iron nickel and 
cobalt based alloys with various other elements added to 
20046ve high temperature creep resistance, high temperature 
tensile strength, resistance to mechanical and thermal 
fatigue, as well as resistance to oxidation and hot corrosion 
57.2). 

Lü ni. superalloys, desired high temperature 
properties are obtained by the formation of a coherent 


second phase, gamma prime (Ni¿(A1,T1)) in a continuous 
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nickel matrix, gamma (Ref. 3) . Although both phases have 
fee structures, slightly different lattice parameters result 
2 cHherency strains which results in an increment of | 
strengthening. In general, the more gamma prime phase 
present, while still maintaining a continuous gamma phase, 
the better the mechanical properties. 

An increase in the amount of gamma prime can be 
achieved by a reduction in chromium content and an increase 
ии amount of titanium and/or aluminum (Ref. 4 }. Since 
chromiumalso enhances grain boundery strengthening, this 
meets in one of many tradeoffs. 

би иси итини high chromium then is a lower strength 
wh temperatures compared with alloys with a lower chromium 
content but with other solid-solution strengthening elements 
such as tungsten and molybdenum. Chromium and aluminum 
both form protective oxides which result in improved oxida- 
ron and hot corrosion resistance (Ref. 5) 

Be Coatings 

2775) 00) tionsduhieh confer the desired hizh 
bemperature strength of superalloys generally lower their 
m5 tance to hot corrosion, oxidation, and thermal fatigue 
{Ref. 6}. Surface coatings are used to improve environmental 
I Lance. This is usually accomplished by the formation 
of a protective oxide such as A150; and/or Cr203. 

l o asis tor selecting a protective coating 


is its inherent environmental resistance (i.e., its ability 
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to form the required protective oxide). However, since it 
has been demonstrated (Ref. 7) that the coating and substrate 
can influence each other, the selection process requires that 
Pm@emwcoating and substrate be considered together as an 

7: ral system. However, the possible removal of the 
coating by wear or FOD (foreign object damage) and the 

Ger teculty of coating some interior surfaces of gas turbine 
airfoils requires that the uncoated basemetal shouid provide 
a minimal degree of corrosion resistance. A first consider- 
ation in this respect is similar or at least compatible 
al properties. For this reason current coatings 

in use today are either Aluminide Diffusional Coatings or 
Metallic Overlay Coatings. 

Aluminide diffusional coatings are formed by diffusion 
aluminum into the surface of the substrate and converting 
them into an intermetallic compound. The resulting coating 
consists of an inner reaction-diffusion zone and one or two 
outer zones of intermatallic compounds of the metal aluminide 
type (Ref. 6). Upon oxidation exposure, an aluminum oxide 
IO ms on the surface and 15 the primary barrier against 
further oxidation. This oxide is reformed as required by 
the underlaying aluminide. 

Caine stare brittle at low and intermediate 
temperatures, and provide only moderate Hot Corrosion 
resistance when compared with most overly coatings. Duplex 


coatings (Modified Aluminide Coatings) have been developed 
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which have shown enhanced corrosion resistance. This has been 
accomplished by the addition of elements such as chromium, or 
noble metals such as platinum to the aluminide coating. 

The limitations of the aluminide coatings:  brittleness, 
moderate corrosion resistance, and a strong substrate dependence 
have led to the development of the Metallic Overlay Coatings. 
These coatings are often of the MCrAlY type (where M = Fe, Ni, 
and/or Co) and are primarily applied by the Physical Vapor 
Deposition (PVD) process. A simplified schematic of one 
form of PVD process, the electron beam PVD (the process used 
for the coating of samples for this study) is shown in Figure B.2. 
These coatings consist of two phases; a brittle aluminide phase 
27 -— “ile, chromium rich solid-solution matrix. A typical 
overlay coating, BC-21, is shown in Figure B.3. This class 
DPpEeoatings contain from 4 to 13$ Al, 18 to 40% Cr, and 0.1 
to 0.52 Y with the balance either Co and/or Ni. The aluminum 
EHronrxum are protective oxide formers and the yttrium 
enhances oxide adhesion. The ability to vary the composition 
2277 Se coatings for specific applications is a significant 
advantage over aluminide coatings. The composition of BC-21 
is given in Table I (along with the composition of Rene! 80, 

a Ni based superalloy). BC-21 is the coating on the first 
and second stage turbine blades of the LM2500. It has a 
relatively high Cr content, 20 to 24%, which enhances Hot 
Üorrosion resistance (Ref. 8). This necessitates a lower Al 


een to maintain sufficient ductility. The beneficial 
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777 5 of platinum in aluminide coatings has led to testing 

of Overlay Coatings containing platinum and also of Overlay 

iis applied over platinum underlayers. | 
[ae poco ng weurrently being studied is 

Mes Ceramic Coating. This offers the dual advantage of good 

eosi on resistance and high thermal resistance. This could 

allow increased turbine inlet temperatures and/or reduce 

cooling air requirements. Ceramic coatings have not yet 

been developed with sufficiently compatible mechanical 

Mer ties for full airfoils and are not yet in commercial 


Ret. 9). 


2577500117 CORROSİON I 

The surface degradation of marine gas turbine materials 
£ ne result oT several corrosion mechanisms. These may 
act singly, independently, or in combination. The xnovn 
mechanisms are: oxidation, catostropic oxidation, high 
BB rscure hot corrosion, and low temperature hot corrosion. 
eanne morphologies have been identified that occur by 
some of the mechanisms above. Type 1 morphology is charac- 
ини ис ot the attack under conditions of high temperature 
15  “orrosion On CoCrAlY type coatings. Type 2 morphology 
occurs in CoCrAlY type coatings under low temperature hot 
Corrosion conditions. Type 3 morphology seems to occur under 
2-0 on ınation Of High temperature and low temperature hot 
corrosion conditions and/or in environments with a high 503 


partial pressure. Based on these morphologies, the two main 
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forms of hot corrosion are now more correctly termed Type 1 
(high temperature) Hot Corrosion, and Type 2 (low temperature) 
Mow corrosion. Their shorthand abbreviations, HTHC and LTHC 
are commonly used and will be used throughout this study. 

Type 1 Hot Corrosion has been known since the mid- 
1950's. It is associated with gas turbines used in jet 
aircraft which are usually run at high power levels. НТНС 
occurs in a temperature range above about 55055. requires 
a molten salt (Na 280)) film and a specific range of partial 
pressures of 02 and 50, and results in the dissolution of the 
protective oxide and the formation of a characteristic zone 
of aluminum depletion in advance of the corrosion front 
2507710). Since Na,50, has Rel tite point ‘em 886°C 
Hot Corrosion was not expected to be a problem at temperatures 
much below this. In 1975, observations on the GIS CALLAGAN 
727 otherwise (Ref. 1). 

Type 2 Hot Corrosion attacks CoCrAly coatings without 
preference to phase. It also requires a molten salt, but 
in this case it is an eutectic mixture (Na,50, and и50,) 
which can have melting points as low as 575°C. LTHC also 
requires gaseous 503» the partial pressure of which has been 
dies to be critical to LTHC attack (Ref. 11). In more 
detail, Cobalt oxides formed on the coating react with 
1 which is absorbed by the Na 50, 


in the molten salt mixture. As the CoSO, dissolves, the 


4 


melting point of the mixture is further reduced, until 


gaseous 204 to form Cos0 
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5777027 CosO, an eutectic point at 560°C is reached mer... 12%: 


A 
мс alloy; begins to react with the molten salts, oxygen 
is removed from the molten salt phase and partial pressure 
gradients of 0, and 503 are developed across the liquid, 
and 503 thus supplies the oxygen to react with elements 
Dathe alloy. 

Aluminum and sulfite ions react in areas of low oxygen 
partial pressure and aluminum is selectively removed from 
the coating and precipitated as aluminum oxide in areas of 
27 //(ccn partial pressure. This process is classic 
77 7c€ iluxing and results in the severe pitting attack 
associated with LTHC. Figure B.4 shows a simplified 
мәс Of the mechanism described above, Figure B.5 shows 
a photomicrograph of a typical example of the pitting 
attack, and Figure B.6 shows a macrophoto of typical Type 2 
Hot Corrosion. Despite the lower temperature at which it 
occurs (compared to Type 1 attack), LTHC is generally more 
ми Ihis is partially due to the good wetting ability 
Of the molten eutectic salt mixture which enables LTHC to 
atvack the coating at microscopic imperfections in the protec- 


tive oxide layer. 


T 


17 ——. €rrosion Testing 


Hot Corrosion Testing in the laboratory involves 
the use of accelerated tests in order to duplicate the 
Mer ros1on of possibly 5000 hours of turbine usage in a 


EBoroducable manner. any form of testing are available 
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today, and in general the better they match actual gas 

turbine conditions, the higher the cost, complexity, and 
required time.  Pressurized burner rigs provide the closest 
laboratory simulation of actual turbine conditions (Ref. 6) 
No Wine control of gas pressures, velocities, composition, 
5 temperature. Pressures up to 15 atm. and velocities up 

to mach 1.0 have been utilized to minimize the time required 
for corrosive attack. 

75:1:5:: 50 Po methods «he simple burner rig. 
SL est apparatus consists essentially of a burner for the 
fuel, a combustion chamber, and a test chamber for the 
samples. Contaminants (salts, 205, etc.) May be injected 
ib 010 test chamber, mixed with the air supply, or mixed 
with the fuel supply (prior to combustion). Abnormally 
high levels of contaminants may be employed to obtain 
measurable attack witnin a few hundred hours, but for more 
consistent results, burner rig exposures of up to 5000 hours 
(approximately 7 months) have been recommended (Ref. 6). 

A third type of Hot Corrosion testing involves the 
belgio na laboratory furnace. In this type of test samples 
are placed in the furnace at the desired temperature and 
25 dq to a flowing gas mixture of air and 902. in addition, 
prior to this, the samples are sprayed vith a salt solution 
ensuring a given level of salt film on the sample surface. 
In this way, the initiation phase of LTHC (the presence of 


a molten salt film) is essentially eliminated and a greatly 
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accelerated test is obtained. This is the type of test used 
207: 007731 Postgraduate School Hot Corrosion Programs 
A simplified schematic of the tube furnace used at NPS is 
Een Figure B.7. The total time required to produce 
typical Type 2 morphology is only 60 hours, and has given 
results comparable to those obtained using the more expensive 
Gm@emetime consuming burner rig tests (Ref. 13). 
een moi Such an accelerated test 
method is that the relatively short time involved at high 
temperatures (60 hours) allows for very limited inter- 
difusion between the substrate and coating, whereas in a 
typical gas turbine blade lifetime of 5000 hours, there 
2771016 time for diffusion. The possible inter-diffusion of 
555005 that may take place is illustrated in Figure B.8. 
Meprecess devised to more closely simulate the actual life 
Mur bine blade involves what is called pre-exposure. 
In pre-exposure, samples are exposed to a time/temperature 
environment that has been predicted to allow for the diffusion 
that would take occur in 40% of a turbine blade lifetime 
EU). To minimize oxidation of the coating during 
pre-exposure, samples are vacuum sealed in quartz tubes. 
Further details of the pre-exposure process are described 
under PROCEDURES. Following pre-exposure, the samples 


202 turnace tested as described above. 
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2. Previous Research 

Me Hot Corrosion research program at the Naval 
17“ roduate Sehool has been ongoing since 1979 and has 
sed primarily on substrate effects on Type 2 Hot 
Corrosion resistance. The following highlights the results 
of this program to date. Hafnium has been reported to be 
Demeticial to LIHC resistance, but only up to some optimal 
(0.4 to 2.0%) concentration, (Ref. 15). Newberry (Ref. 16) 
sus cj testing of uncoated superalloys, which included 
Ed of the effect of Hafnium on the LTHC resistance of 
IN738. Pre-exposure was first used in 1981 and resulted 
in evidence of a detrimental effect on LTHC of inter- 
27:5:0n betveen the "pe E dü coabınz Tor some systems 
mef. 14). Jurey (Ref. 17) carried out a more extensive 
2757772 ion of pre-exposure and reported on the overall 
degrading effects of pre-exposure on LTHC resistance. He 
27 /"“ported (nat a vlantinum underlayer could be beneficial 
27”  Psesistance (the effect vas sensitive to thickness), 
and observed that the maximum penetration measured on corroded 
E anpes was very sensitive to pre-existing flaws, 
leaders, etc. In 1981, McGowen designed, tested, and 
validated the parameters used to perform Type 1 (high 


temperature) Hot Corrosion Testing. (Ref. 18) 
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C. OBJECTIVES 
A variable that has been difficult to control in the 
Meee cOrrosion Program at the Naval Postgraduate School has 


been the SO, content of the furnace atmosphere. The low 


2 
flow rate required (10 ml/min) is difficult to maintain by 
most needle valves and is very sensitive to line pressure. 
The SÓ, flow rate has been observed to drop in this study 
from 15 ml/min to 5 ml/min in 5 hours. Type 2 Hot Corrosion 
resistance has been shown to vary significantly with change 


27” flow rates at NPS {Ref. 13 and 16}. For this 


2 
reason one or two control pins were inserted in each 
furnace run of this study to determine if variations in 
S0, Boys rate (and/or possibly other parameters) were 
272X-m "72 Lhe corrosive conditions of the test. In addition, 
4 samples in Run MS1 were re-tested in Run MS7 as a basis 
EN ermtning what kind of a modifying factor, if any, 
should be applied to the results of a given run to allow 
27177 7 “on of the results from different runs. Finally, 
an electronic flow controller has been installed, enabling 
accurate and continuous monitoring of the S05 flow rate. 

The objectives of this study were to determine the 
effects of varying the amounts of titanium and hafnium 
Ba Ent in the alloy substrate and the presence or absence 
Of both a thick and thin platinum underlayer on the Type 
ENHOt Corrosion behavior of BC-21 coated Rene! 80. Hot 


Corrosion testing was performed both with ana without 


pre-exposure. 
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11, PROCEDURE 


Test specimens consisted of nominally 0.6 cm. diameter 
pins of modified Rene! 80 superalloy. The modification 
consisted of varying the titanium and hafnium content of 
Giewalloy (Rene' 80 normally contains 5.0% Ti, and 0.0% Hf), 
see Table IV. One pin of each composition was coated with 
the CoCrAly coating BC-21 using the EB-PVD method. One pin 
of each composition received a platinum flash prior to 
elica tion of a BC-21 coating, and one pin of each compo- 
sition received a 5-6 um platinum undercoating (this thick- 
ness has been shown to be optimal in other coating/substrate 
systems) prior to application of a BC-21 coating. The 
platinum was applied by electrodeposition. 

The procedures described below and listed in Table II 
were developed and validated by Busch {Ref. 13}. 

MEA test piece, a cylindrical pin nominally, 2.0 cm in 
length by 0.6 cm in diameter, was visually inspected for 
defects and its length and diameter accurately measured. 

The specimen was then inserted in an oven at 150°C for 20 
düs, after which it was cooled, weighed on an analytical 
balance, and revlaced in the oven for an additional 20 
minutes. After removel from the furnace the second time, and 
while still hot, the specimen was sprayed with a Na2S50, 


40 mole % Ма250, solution and then returned to the furnace 
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mor '5 Minutes. It was then removed, cooled, and weighed. 
This was repeated until a weight gain representing an average 
mine salt per em“ of surface area was obtained. 

After salting, the specimen was placed in a holder 
together with other similarly prepared specimens and inserted 
into a resistance type tube furnace as shown in Figure B.?7. 
Once brough to the desired temperature (704°C), the specimens 
were exposed to a flowing gas mixture consisting of dry air 


(flow rate of 2000 ml/min) and 0.5% SO This flow rate 


2° 
has been determined to give a gas velocity of 1 cm/sec 
2:777777). Тһе specimens were exposed to this corrosive 
environment for 20 hours, after which they were removed from 
the furnace, cooled to room temperature, visually inspected, 
weighed, and resalted as described above. Three 20 hour 
cycles were used for a total exposure of 60 hours. 

Upon completion of the 60 hours, the specimens were 
examined visually and photographed (Figure B.6 shows a 
closeup of a typical sample). The pins were then sectioned 
in three places and prepared for microscopic examination 
using standard metallographic procedures. 

Depth of corrosion measurements were taken every 
20 degrees around a face. The pit like nature of the 
atvack allows the location of the original surface of the 
coating to be accurately determined. Recorded was the 
mean penetration, (typically the average of 54 readings), 
standard deviation of the mean, the maximum penetration, 


dnote average coating thickness observed. ee 
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pre-exposure treatment given to some specimens prior to LTHC 
27: 0 consisted of sealing in evaculated quartz tubes to 
minimize surface degradation and heat treating in an oven 

at 875°C for 200 hours. 

In addition to optical microscopy selected samples were 
examined using & Scanning Electron Microscope. Backscatter 
images, spectrums, and line traces were made in an attempt 
to determine the concentrations of the elements at different 
5:50 S in the coatings and substrates, particularly in 
those specimens subjected to the pre-exposure treatment. 
Since line traces and backscatter images proved to be of 
little use in this regard (due to poor resolution of minor 
constituent changes), spectrums were taken at 5000X at 
three locations in the coating: at the coating/substrate 
interface, at the center of the coating, and just under the 
corrosion front near the top of the coating, as shown 
schematically in Figure B.9. From these spectrums moderate 
changes in elemental concentrations were distinguishable. 

AS previously mentioned, at least one control pin was 
mitered in each run to allow direct comparison of test 
comal tions between runs. An electronic flow controller 
was installed on 28 March 1983 and its calibration verified 
with a new rotometer. Run MS6 was made using this to 
control the 502 flow rate. A final Run, MS7 was made 
containing several identical pins to check the reproducability 


of the results. 
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III. DISCUSSION/RESULTS 


Table III lists the specimens tested which were re-tested 
sün ous rüns. They are listed simply as "Type 1, Type 2, 
etc." to prevent any significance being placed on their 
compositions and were chosen originally for their availability. 
Also included in Table III are the actual corrosion results 
(the mean and maximum penetration), and the adjusted mean 
penetration (to be explained). Figure B.10a and b is the 
graphical presentation of this data. It illustrates the 
variation in corrosive conditions between furnace runs. 
oimilar variation of results between different runs has been 
seen in a review of previous studies (Ref. 16), although 
the nature and cause of tnese variations were now known. 

Eon rnstallation of the electronic flow controller for 
S0, Oy rate control, it was observed that the original 
rotometer read approximately 100 ml/min when the new 
controlled read 10 ml/min. The original rotometer (believed 
to have been in use since 1979) was replaced with a new 
rotometer, which agreed closely with the electronic controller. 
Ihis is evidence that the rotometer previously in use had 
been giving incorrect flow rate readings (probably due to 
the corrosive nature of the SO, gas) which probably began 
gradually such that no individual researcher was aware 


of a change in the actual flow rate. By 1983, when this 
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study was begun, a reading of 10 ml/min from the original 
rotometer resulted in an actual 502 Moca te of only 2 ml/min, 
which was too small a flow to be easily controlled by the 
needle valve arrangement installed at that time. This led 

to the observation that the 502 Bü rate tended to drop 

27 hh time (but seldom in a predictable manner). After 

BB 0 run or tuo, it was possible to get a crude "feel" 

for how to best maintain a roughly constant S05 flow rate, and 
2250 somewhat reflected by the improved reproducibility 
between runs MS4 and MS5. It is recommended that the 502 
mmeweracve be continually monitored by two different methods 
(the electronic flow controller and a new rotometer), in 
800 that any slight change in S05 Honi demecped early 
and can be corrected. 

Misure B.108 also shows the high degree of consistency 
obtained between runs MS6 and MS7 (the electronic flow 
controller was installed prior to run MS6). This supports 
the claim that variation in the S0, flow rate was primarily 
responsible for inconsistencies observed in past furnace 
7 0 also illustrates the high degree of consistency 
obtained within a given run (note samples MS7-2 thru MS7-9). 

En mE a l ity or inconsistencies in corrosive 
conditions between runs the use of a modifying factor was 
thought to be useful. With run MS6 as a baseline and using 
control pin type 1 (since this was the most common control 
used), a modifying factor was developed using the following 


Formula: 
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MF = Mean (6)/Mean(x) 
where MF = Modifying Factor 
Mean(6) = Mean penetration of the control 
pin on run MS6 
Mean(x) = Mean Penetration of the control pin 
in run MSx 

The mean penetration data for each run was then multiplied 
Meee modifying factor for the run. This "adjusted data" is 
shown graphically in Figure B.10b and shows fair correlation 
of data from different runs. 

Since the maximum penetration of a sample has been noted 
ee ery sensitive to the presence of pre-existing flaws 
2577 ps, and since it represents only a single area of 
localized attack, mean penetration (typically the average of 
over 50 measurements) is used for comparison and evaluation. 
mers CONSiISuent with methods used previously at NPS. 

For this reason only the mean penetration data has been 
adjusted, the maximum penetration has been included for 


eempileveness only. 


Ae SUBSTRATE EFFECTS 

Table IV lists the samples that were tested as part of 
this study. As mentioned previously the concentration of 
Titanium and Hafnium were varied as was the presence of and 
thickness of a platinum underlayer. Each type of sample was 
tested with and without pre-exposure. The sample abbreviations 


listed were designed to indicate to the reader the approximate 
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titanium concentration, whether or not hafnium was present, 
if a platinum underlayer was present (and if so, a thin 
platinum flash or a thicker, 5-6um underlayer), and also if 
the Sample was pre-exposed. Also included are the original 
serial numbers for possible use by future researchers 
reviewing this study. 

Table V lists the samples by their abbreviations, along 
With the mean and maximum penetration, as mentioned previously, 
the mean penetration data has been adjusted by the use of 
modifying factors, and this is the data used in evaluation 
of results. 

The mean penetration data in Table V are presented 
graphically in Figures B.11, B.12, сир Басһ Тридә 
contains 4 or 6 individual graphs, and presents the entire 
data of Table V, but each in a slightly different manner in 
7:70 hizhlight specific trends. All the figures plot the 
tabulated corrosion behavior as a function of titanium 
£ BP”. ın for ease of correlation. In Figure B.11 there 
are 6 plots, each for a specific platinum underlayer and 
hafnium combination, with a comparison of with/without 
pre-exposure evident on each individual plot. This set 
Primarily illustrates the effect of amada. Figure B.12 
contains 4 plots, each for a specific combination of hafnium 
7 .re-exposüre, and primarily illustrates the effect of 
platinum underlayers. Figure B.13 contains 6 plots, each for 


527 "—“cific compinavi9nü of platinum underlayer and pre-exposure, 
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and best illustrates the hafnium effect. Due to the number 
of variables involved (which results in 36 different types 
of specimens), the attempt was made to highlight — : 
rather than the possible significance of a single specimen 
performing differently from another. Therefore a relative 
ranking of all specimens tested is not included or discussed. 
Finally, the data of most significance is for the specimens 
that were pre-exposed since this better reflects corrosion 
behavior well into the life of & turbine blade. The data 
for specimens not pre-exposed was used primarily as an aid 
in explaining why certain results are obtained (i.e., if a 
trend is diffusion related, then it would show an effect 

due to pre-exposure). Therefore unless otherwise stated, 
nereafter any trends or other observations noted are assumed 
vo be made for pre-exposed samples. 

Figure B.11a and b show a decrease in mean penetration 
content is increased. This trend is either not as 
distinct or not observed in the samples which were not 
pre-exposed. Observations previously made on the effect of 
titanium were usually the result of the testing of different 
substrates (i.e., IN728 and Rene! 80) from which a distinct 
ки оР titanium was difficult to discover (Ref. 14). 

It was noted here that Ti was beneficial to LTHC resistance 
only if the time/temperature history of the sample was 
ici ent to allow for diffusion. In particular, the mean 


pemebration Of che tollowing samples from Figure B.ila: 
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(2-0-0), (5-0-0), (2-0-0-E), (5-0-0-E) distinctly indicates 
the advantage of allowing diffusion to take place for both 
5577 .02) and high (5.02) Ti content. | 
High magnification (5000X) x-ray backscatter spectrums 
of (5-0-0) and (5-0-0-E) were made. While the spectrums 
obtained are by no means quantitative, they can give an 
s Lon as to whether diffusion is occurring. The spectrums 
obwadned from the center of the coating of these samples 
are shown in Figure B.14. The only difference is the presence 
270211 peak due to Ni in (5-0-0-E), indicating slight 
Heron Of Ni into the coating. While titanium was not 
observed in either case, this does not preclude the possible 
diffusion of titanium. This is because spectrums taken well 
into the substrate indicate that 5% titanium is roughly the 
IO concentravion required to be distinguishable by SEM 
backscatter analysis. Additionally, Katz {Ref. 19} has 
reported on the presence of titanium at the surface of BC-21 
coated Rene'80. Ni was not observed in the spectrums taken 
at the outer edge of the coating on either sample. A 
backscatter dot-map and line probe for chromium was made on 
(5-0-0-E). These both indicated an enhanced concentration 
of chromium at the coating/substrate interface. This was 
not observed on (5-H-0-E). Since only a small number of 
samples were subjected to examination with the Scanning 
Electron Microscope, it is not known if this enhanced 


m nil m concentration at the interface is present in other 





samples, or if it results from the coating process, rather 
When as a result of high temperature exposure. At this time, 
the chromium concentration noted has not been observed 

in other samples. 

When platinum is present, Figures B.11e and f indicate 
han 3s detrimental to LTHOC resistance. In particular, 
sample (2-0-PP-E) performed much better than (5-0-PP-E). 
hüğure B.tie and f also dramatically show that without pre- 
55” ::6 this trend 1s reversed. SEM spectrum analysis was 
performed on (5-0-PP) and (5-0-PP-E) and the spectrums from 
17 nter of the coatings are included in Figure B.15. 

The spectrum for (5-0-PP) shows no platinum and no nickel. 
On (5-0-PP-E), a definite platinum peak is observed, as well 
as nickel. The chromium and cobalt contents at the coating 
center of (5-0-PP-£) are possibly lower than those at the 
coating center of (5-0-PP). 

Eure B.12b and d indicate that platinum (if the 
titanium content is high) is detrimental to LTHC resistance. 
Benson of data on Figures B.12a and b show this effect 
to be reversed when pre-exposure is not performed. However, 
te B.120 and d show slight benefit of adding platinum 
underlayers to samples with only 2% titanium. SEM back- 
scatter analysis was not verformed on samples (2-0-PP) and 
(2-0-PP-E), but it is thought that platinum has diffused into 
the coating in sample (2-0-PP-E), based on the diffusion noted 


in (5-0-PP-E). Previous studies by Clark (Ref. 20) nave 
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shown the beneficial effect of platinum underlayers on 
Corny coatings. 

A possible explanation of these observations is as follows. 
Without a platinum underlayer, and given the opportunity for 
diffusion, titanium diffuses outward into the coating where 
memeroduces a beneficial effect. Therefore, the higher the 
titanium concentration in the substrate, the better the LTHC 
resistance. 

When platinum underlayers are applied and an 
opportunity for diffusion (i.e., during exposure) exists 
the platinum underlayer can improve LTHC resistance. However, 
Manum in the substrate- -may react with the platinum. 

At the 2% titanium level, titanium cannot diffuse due to 
this interaction, but there is enough excess platinum 
(notably in the 5-6 um thick underlayer) to allow sufficient 
Pon to diffuse outward to be of benefit. 

At the 3.5% titanium level, the sample without a platinum 
underlayer exhibits better LTHC resistance due to the additional 
diffusion of titanium. The sample with platinum underlayers 
sti uitle change, since the titanium remains at the interface. 
At the 5% titanium level, however, there is sufficient 
titanium for some titanium to diffuse through the platinum 
underlayer into the coating, where it combines with the 
platinum that has already diffused outward, forming compounds 


that prove to be detrimental to LTHC resistance. 
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This last suggestion is supported by two observations; 

1) sample (5-0-PP-E) performed significantly worse than 
(5-0-0-E), (2-0-PP-E) and (5-0-PP), which again TERT T 
that platinum and titanium in combination have a detrimental 
effect, and 2) significant diffusion of platinum into the 
coating has been noted in (5-0-PP-E). 

Detailed microprobe analysis must be performed to determine 
if indeed titanium is diffusing into the coating in (5-0- 
PP-E), and (5-0-0-E), and if, and what, compounds are being 
NES. Additionally, since the lowest level of titanium for 
this study was 2%, testing of samples with 0% titanium , 
with and without a platinum underlayer, would more clearly 
indicate the role of platinum in LTHC resistance. 

The effects of hafnium on LTHC resistance proved to be 
525.) to discern. figure 8.13 was included to present 
Bi results. Comparing Figure B.13b, d, and f, hafnium 
25.0 have a noticeable (but inconsistent) effect on the 
samples with 3.5% Ti (with a platinum flash hafnium was 
Bem@eticial, but with 5-6 um platinum hafnium was detrimental). 
25.) and 5% Ti levels, hafnium has no noticeable effect. 
On samples that were not pre-exposed (Figure B.13a, c, and e) 
the reverse seems to be true. Hafnium has a noticeable 
(but again inconsistent) effect at 2% and 5% Ti, and a 
negligible effect on the 3.5% Ti samples. 

Optical examination was unable to distinguish any 


differences in the coating structure or corrosion attack due 
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to the presence of hafnium. Previous studies, mainly on 

the nickel based alloy M Snach contains 3.4% titanium, 
have shown an optimum level of hafnium to exist, which — 
from 0.4% to 2.0%, depending on the study. The 1.2 to 1.5% 
hafnium level chosen for this investigation is within this 
meme. Although evidence is lacking, it is possible that 

the normally beneficial effect of hafnium is being influenced 


by the interactions suggested above. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 


Based on the data, tables, and figures discussed, the 
following conclusions can be made: 

1. The presence of titanium in the substrate (in the 
absence of a platinum underlayer) is beneficial to LTHC 
resistance, provided that the time/temperature environment 
allows for interdiffusion between the substrate and coating. 

2. The combined presence of titanium in the substrate and 
a platinum underlayer are detrimental to LTHC resistance, 
again if inter-diffusion between the substrate and coating 
Oe us, I 

3. Platinum underlayers are detrimental to LTHC resis- 
tance if the titanium content of the substrate is relatively 
15010 5.02), again if inter-diffusion occurs. 

4. Hafnium has a definite, but inconsistent effect on 
LTHC resistance when intermediate levels of titanium (3.5%) 
are present in the substrate; this effect again depends upon 
WF diffusion. 

вәә HoWorrosion testing conducted prior to the 
installation of the electronic S0, 115 “controller thauv 
Required correlation of data collected by separate furnace 
runs should be reviewed to determine if direct comparison 
between runs was justified, or if modifying factors should 


be applied to the results. 
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6. For Hot Corrosion testing conducted subsequent to the 
installation of the electronic S05 flow controller direct 
correlation of data obtained from different runs is justified. 

The above conclusions and the previous discussion lead 
to the following list of recommendations: 

1. Conduct a detailed, quantitative microprobe analysis 
of selected specimens used in this study in an attempt to 
determine more precisely diffusional changes that are 
Occurring in order to better explain the behavior and effects 
noted above. 

2. Test samples with 0.0% titanium, and also 10.0% 
titanium (with and without platinum underlayers) to obtain 
additional data to support or refute the suggested explanations 
of the effects observed in the study. 

2. Perform a similar study on 36-21 coated 14735, an 
alternative substrate alloy. This would require a study of 
the effect of hafnium and platinum only. 

A. Review previous NPS research for possible intra-run 
comparisons that may not be justified, and, if possible, 
re-evaluate the data obtained using modifying factors and, 
based on this adjusted data, re-examine the results previously 


obtained. 
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TABLE II 


TEST PARAMETERS 


Pre-Exposure: 
preliminary - vacume sealed in quartz tubes 
Gemperature = 550 


time - 200 hours 


576 Z Hot Corrosion 





air, source - laboratory air 

flov rate - 2000 ml/min 

source - bottled gas 

flow rate - 10 ml/min (0.53) 
salting, type - Na,S0, 40 mole% MgSO, 


50, 


amount - 1.0 mg/cm 
Menperature - 2050 
thermal cycle - ZÜ hours 
Humber of cycles - š 
total time - 60 hours 
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TABLE IV 


Lise Or SAME ES ESTED - SUBSTRATE STUDY 


Sample Composition Original Serial Nr. 
Abreviation 1:1777 7070707) IE) (Ran Nr. - Pin Nr.) 

(2-0-0) 750 0 0 no MS1-9 
(2-0-p) 20 flash no -ıs 
(2-0-PP) 20 5-6um по m-ə 
(2-H-0) — :.5 0 no MS1-8 
(2-H-p) 220) 1.5 Fan no MS5-9 
(2-H- PP) 2.0 1.5 5-6pm no MS1-2 
(3.5-0-0) 570 0 no Mow - 6 
İ :-0-p) 3.6 flash no MS5-11 
(3.5-0-PP) 250 5-€um по MS5-8 
(3.5-H-0) 5755::.5 0 no MS5-7 
(5.5-H-p) 551.5 flası no IS 
7 :-H-PP) 3.5 1.5 5-6pm no MS5-1 
(5-0-0) 50 0 no MS1-6 
(5-0-p) 5.0 flash no 1155 
(5-0-РР) 5.0 5-6um по MS5-10 
(5-H-0) 250 1.2 0 no MS1-5 
(5-H-p) 750 1.2 Eran no MS5-4 
(5-H- PP) 5.0 1.2 5-6um no 1505 
(2-0-0-E) 2:0 0 yes MS4-9 
(2-0-p-E) 2.0 flash yes MS6-13 
(2-0-PP-E) 20 5-6um yes MS4-3 
(2-H-0-E) 25: 1.5 0 yes MS4-8 
(2-H-p-E) 2.0 1.5 flash ves 1560-9 
(2-H- PP-E) 2.0 1.5 5-6um yes MS4-2 
fer - 0-0-5) 55 0 yes MS6-6 
5: 0-p-E) 50 ln yes MS6-11 
(3.5-0-PP-E) 3.6 5-6um yes MS6-8 
(3.5-H-0-E) “51.5 0 yes MS6 - 7 
(3.5-H-p-E) B5 1.5 Fash yes MS6 - 2 
(3.5-H-PP-E) 3.5 1.5 5-6pm yes MS6-1 
(5-0-0-E) 50 0 yes MS4-6 
(5-0-p-E) 5.0 flash yes 505 
(5-0-PP-E) 5 5-6um yes MS6-10 
(5-H-0-E) O L. 2 0 yes MS4-5 
(5-H-p-E) 2572757” flash es MS6 -4 
(5-H- PP-E) 5.0 1.2 5-6pm yes MS6-3 
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TABLE V 


CORROSION RESUETS - SUBSTRATE STUDY 


Sample Mean Penetration Max. Penetration 
Abreviation (pm) (pm) 
(2-0-0) NP 25 
(2-0-p) 18.0 DUIS 7 
(2-0-PP) DSS 86.4 
(2-H-0) 24,4 101.6 
(2-H-p) 22 167.6 
(2-H- PP) 22.6 “05 
(3.5-0-0) 24.4 91.4 
(3.5-0-p) 215 101.6 
(3.5-0-PP ) TERMS 193.0 
(3.5-H-0) 2122 190.5 
IE Sal) 22.6 101 
(3.5-H-PP) 20.8 HM cs 
(5-0-0) 26.4 ölə 
(5-0-p) 15.0 88.9 
(5-0-PP) 170 66.0 
(5-H-0) s Z 66.0 
(5-H-p) 25 5557 
(5-H-PP) 20.6 So 
(2-0-0-E) xo 215 
(C O D bP) 1656 89.9 
TT 0-PESE) 8.6 55 
(2-H-0-E) TT. ии, 
(2-Н-р-Е) 1550 57775 
12-H-paeen) 14.0 279.4 
(3.5-0-0-E) 1e: 177,8 
(3.5-0-p-E) Lsn 10: 
(5.5-0-РР-н) 9.7 17: 
(3.5-H-0-E) 9.1 102.1 
(3.5-H-p-E) 5.6 127920 
(5.5-H-PP-E) 2550 116.8 
(5-0-0-E) 6.4 "MT 
(5-0-p-E) 18.3 101.6 
(5-0-PP-E) 2259 ET 
(5-H-0-E) 73 96.5 
(5-H-p-E) 2250 70 
( SSH PEE 24.1 0 
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APPENDIX B 


FIGURES 


High Pressure Turbine 
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Figure B.1 Relative Temperature and Pressure Profile 
of a Marine Gas Turbine Engine 
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Figure 3.2 Simplified Drawing of the Electron Beam 
Physical Vapor Deposition (28-PVD) Process 
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Figure B.3 Typical CoCrAlY (BC-21) Coating on Rene! 80 
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(b) Corrosion Front Continues to Disolve Coating 
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(c) Stability Diagram 


Figure B.4 Type 2 (Low Temperature) Hot Corrosion. 
oimplified Schematic 
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Figure B.8 - Schematic Illustration of the Substrate/Coating 
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Figure B.9 






Top of 
Coating 


O — 





22 


LLL 


O Center of 
Coating 






E ing/Substrate 
Interface 





eo e ent ticacion Spectrochemical Analysis for 


Diffusion Study 


“ 


Schematic Illustration of the Method of Using 





6-<SW 


08 ,9UueM pe4590)) 4708 


јо потволлод 20H z adj uo Fe моТд “os Jo 999JJH eu, 0118 Sandra 


G 


ı dnoan utg ToAYuog ( 


8- ¿SW 
cə 
— ¿SN 
L ¿SW 
SN 


Ы ол 


^d 


Cl 


ERES DIA 
5. 
gilis səvi 
SS SON 
SI- PSH 


Ü 
G 


Gc 
BE 


GE 


(Uunjy UOLZRuZSUGY UR e 


— 





(pənuT2uo9) 01"d 31N9T4 


ci TOO VA 


= E Á ES E xX I = 
U) 0 (f) U) N (3 0) (f) 
^d — ^J ra “J a О) A 
| | | | | | | | 
pa ul sa 0) pra ГУ a ^J 
Ul ə e rO 


2 dnous 





p dnous € dnous 


G dnod5 eyeg persnf[ py 
eyeg peasnípeur[) 





(UNy)Y UOL32438US] UL SN 


>» 





ит OA SON OO 
08 :2USY pa7B09) Lz-9g JO Jotaeyəg uorsodJgo) 20H Z əd4AT (Sao 


938.195qNg 09 UOTITPPy JH UTM 93%.195qNg 07 UO0TITPPy JH INOYITA 
“qəkeTdəpuf 44 4nou414 (q ‘“1aefetIopun 44 400Ҹ4ТМ (8 
(73 Uunirue*t] (4) UNIUBAILILI 
(л A u) Tə ад A G) NS 
sir = om 
dx3 YYIM О dx UYIM O 


Am dx3 o,m x 


6-—. xu o/m X 


CUN) uoir4eu48us UPd], 






(un) UOL4EM3SƏUƏdM UB ƏLi 


p 





(рәпитаҹодо) l d ansa 





50277 7116 O әри JH us rM 5401019116 01 VOLT IDpy IN Snoyaen 
18ABTISPUN USBTA 44 UIM (P ләләтләрир Ҹе214 4d UTM (Ə 

(x) WN Uet Quo) AMBER El 
al A^ u) | Гу "d Uu A О) TO 
dx3 u3iM O 
m dx3 o/m X 

n 

3 

U 

Ф 

j 

© 

ct 

s; 

(u 

ct 

Q 

3 

аг 

| с 

ахз 434М O de 3 

dx3 o/m x 








192493U8 Y] URBAL 


(un) uo 


25 





(pənuT2uoo) 


99 8.19SqNS 09 UOTITPPY JH UTM 
ләдәтләрид ad un 9-6 ua3rM (J 


(54) uniue41| 


a Di u) fo va 
—U 2 
dx3 UrIM O 3 
dx3 o/m Xx 
81 


99e19sqns 0% UOTITPpy JH YNOoUuUYTM 
zəAeTaəpun Id ur 9-G UYITM 


Gun uOLt49eu48ueg ueeyp 


LL'g eun t4 


A u) 
Un — or“ ae a 


dx3 UYIM O 


dx3 o,m 


(X3 UNILIUBILI 
fo 


X 


Hə. 


01 


S] 


Qc 


Ge 


BE 


SE 


(WNY UDLABALDVIJ UBA 


56 





UNUTYIBIA JO 39444 
08 ¡2Uu92y pateo) |2-0g JO IOTABYSEH UOTSOIION 40H z edÁ] 


eainsodxs-alg UITM 
eyerzsqng 09 UO0TITPPY FH FNOUFTM (a 


(X) uniue41] 






S 

aT 

61 

DE 

td ung-G $ se 
Ҹ5Е11 За О 

13 0/M X BE 





“SUOTIROTITPON 


2158 әл тд 


әлпеодхә-әЈДд 4п0ҸАТИ 


әјелјвапс̧ оз UOTITPPY JH INOYITM (e 


1Pe4$9ued ugar 


(Un) UO! 


(4) WUNLUB?L]I 


сл A Ww) гә 
td UN9-S $ 

Use 14 td О 

td OM X 





(WN) нОрдаерадәЈәсј ҸРӘИ 


57 





(рәпитјиоә) 2|*4 aansty 


әлпаводХә-әдд Ҹ4ТИ әлаводхә-әлд 4nou4TM 
eyerysqng of потатрру 4Н Ҹ4ТМ (D 99 219S8qng 09 UOTITPPY JH UTM (Ə 
(%) S (4) Untue91] 
u A аз Ul A (O ro 


те e || әрә ФИН 








1d ung-S $ 
Bes. b = use|4 td O 
7 5 Yi Gü X 
` 
f = N -U 
` > o 
/ “x r 
ct 
7) 
VA az y 
| c+ 
1650 . 
1d ung-c 4 52 5 
и5Р13 24 О E 
4d От Y Í BE 3 


01 


S] 


Be 


Ge 


BE 


SE 


(Uuny uor4?J48ugg URLEN 


De 





untugeH JO 49299ЈЈҸ “SUOTIRITITPON 
098 |әҸӘД рәјводј Le-9g JO ЈОТАРҸӘД uoTso1l1lon JOH 2 SAL S ә2Пп2тТДд 


31NSOAXS-21J UI TM əsnsodxə-əda 4nou41M 
askeraepun qa MoUFIIM (q 19ÁBTISPUN 44 INOUYUITM (B 
(4) uniue41l (4) UNLUB?IL 
al A иј Tə 
jd UTIM O 
JH 97m X 





jH UrIM О Sc 
jH O7m X 


(uny uOi489eu4458u8d ue9j| 
un) uoOrL^4eu48ugg URLƏN 





7 





(panutTquoo) Çi"g әлпәтд 





əqnsodxə-ədd yTM əansodxə-ədq 4nou41M 
JeÁepuepug usep4 3d UTM (b TISÁRTISPUN USBTA 44 UTM (Ə 

qz Waves ı (4) WNLUETEN 

Ul A G) cn A U) ГО 

ЈН UYIM О 

jd 97m X 


P. 
by 
ws 
ne 


УН 424М 
3H 07m 


(Unjy uOL4?u^458Uu8g UB 





(wn) UOLTeuisusyg uray 





60 





(pom USO NE sind Ty 


əinsodxə-ədd UYTM sansodX9-9414 INOoUFTM 


ısketaopun 44 un 9-5 yyTM (Ј askeTaopun 44 UN 9-5 YITM (Ə 


(4) unrue41L 





ai A w Tü о gl A Ü) ro 
jd UTIM O 
2 jH osm x 
(y 
= 
U 
(О 
3 
0 
ct 
7$ 
(u 
ct 
O 
3H UYIM O Se 5 
JH OFM X 2 
DE 3 


(23 WUNLIUBILI 





UB BN 


(UN) UO|3243Z8USd 


61 





ә E A 


[eo RA 
m. EX nd кк A A E A ee EE ә ии : » ~- Ad te 1 “a ALA + y Ы E “ POS A ed 


= a! A nn A A TM unc. E ии m ai 





b) 52 Ti, wich Pre-Exposure 


Figure B.14 Chemical Spectrums of Center of ВС-21 Coating 
on Corroded Rene! 80 (5% Ti Modification) 


62 





A A ed 








b) 5% Ti, 5-6 um Pt, with Pre-Exposure 


Figure B.15 Chemical Spectrums of BC-21 Coating on Corroded 
Rene! 80 (5% Ti Modification) with Platinum 
Underlayer 
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